Methamphetamine (METH) users showed structural and chemical abnormalities on magnetic resonance (MRI) studies, particularly in the frontal and basal ganglia brain regions. Diffusion tensor imaging (DTI) may provide further insights regarding the microstructural changes in METH users. We investigated diffusion tensor measures in frontal white matter and basal ganglia of 30 adult METH users and 30 control subjects using a 3 T MR scanner. Compared with healthy control subjects, METH users showed lower fractional anisotropy (FA) in right frontal white matter, and higher apparent diffusion coefficient (ADC) in left caudate and bilateral putamen. Higher left putamen ADC was associated with earlier initiation of METH use, greater daily amounts, and a higher cumulative lifetime dose. Similarly, higher right putamen ADC was associated with greater daily amounts and a higher cumulative lifetime dose. The lower FA in the right frontal white matter suggests axonal injury in these METH users. The higher ADC in the basal ganglia suggests greater inflammation or less myelination in these brain regions of those with younger age of first METH use and greater METH usage.
Introduction
Methamphetamine (METH) is a highly addictive psychostimulant that has been widely abused by many individuals in Asian countries and has become a major public health concern in the United States (Elkashef et al., 2007; Iritani et al., 2007) . Methamphetamine abuse is greatest in the Western regions of the United States and represents 1.6% of the population aged 12 years or older, as compared with 0.3 to 0.7% in other regions (SAMHSA, 2007) . In the United States, the highest prevalence (2.2%) is reported in the Asian Pacific Islander population, while the lowest prevalence (0.1%) is observed in African Americans. Understanding the biological effects of the drug on the brain may provide the basis for future studies to determine possible genetic influences on addiction to methamphetamine.
Magnetic resonance (MR) techniques have been applied to provide in vivo biological information in human METH users. Structural MR imaging of adult METH users demonstrated abnormalities in the frontal lobe, including lower gray matter density or volumes (Thompson et al., 2004; Kim et al., 2006) , larger white matter volumes (Thompson et al., 2004) , and more white matter hyperintensities (Bae et al., 2006) . Moreover, larger volumes were observed in the parietal cortex (Jernigan et al., 2005) and striatal regions of METH users (Chang et al., 2005a; Jernigan et al., 2005) . Whether these enlarged brain regions reflect inflammatory changes and the smaller brain regions reflect brain cell loss is unclear. Proton MR spectroscopy ( 1 H MRS) studies reported decreased neuronal marker N-acetylaspartate (NA) or NA-to-total creatine (tCR) ratios (NA/tCR) in frontal regions (Ernst et al., 2000; Sekine et al., 2002; Salo et al., 2007) and striatum (Ernst et al., 2000; Sekine et al., 2002; Chang et al., 2005b) , which suggest neuronal injury or loss in chronic METH abusers. Furthermore, increased concentrations of the glial markers choline (CHO), CHO/CR and myoinositol (MI) were found in the frontal lobes, which would suggest neuroinflammation in chronic METH users (Ernst et al., 2000; Nordahl et al., 2002; Chang et al., 2005b; Sung et al., 2007) . These MR studies collectively demonstrate that chronic METH abuse damages neural systems in the frontal cortex and striatal brain regions (Chang et al., 2007; Berman et al., 2008) .
MR diffusion tensor imaging (DTI) is a sensitive technique that might detect microstructural changes associated with axonal or myelin loss or increased extracellular water accumulation most likely associated with increased inflammation. DTI measures the Brownian (random) movement of water molecules within tissues and provides parameters of the diffusion tensor, including, fractional anisotropy (FA) and the eigenvalue diffusion coefficient for each direction, which are averaged to yield the mean apparent diffusion coefficient (ADC).
In white matter tissue, FA describes the organization or integrity of white matter fiber bundles while ADC describes the three-dimensional mobility of water in the brain tissue (Le Bihan et al., 2001) . The direction of water diffusion along the longitudinal axis of the axon (axial diffusion) and the perpendicular axis of the myelinated fibers (radial diffusion) are characterized by the corresponding eigenvalues 
